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A technique has been demonstrated to significantly reduce the noise in microwave oven magnetrons.
The technique employs permanent magnets to generate an azimuthally varying axial magnetic field.
Noise measurements are reported which show dramatic reductions in the noise of kW oven
magnetrons operating near 2.45 GHz. The noise reduction near the carrier is some 30 dB.
Microwave sidebands are reduced or eliminated. Noise reduction occurs at all anode currents, but is
particularly significant at low current near the start-oscillation condition. ©2003 American






















































sis.Worldwide, there exist hundreds of millions o
magnetrons1–6 in microwave ovens. These magnetrons ty
cally operate with 80%–90% efficiency at a frequency n
2.45 GHz. Recently, several communications systems h
developed in the unlicensed, 2.4 GHz radio spectrum:~1!
Cordless telephones operating at 2.4 GHz,~2! Bluetooth,7 a
wireless, short-range communication system used for c
puters, which operates with a spread spectrum, freque
hopping, full-duplex signal, and~3! IEEE 802.11 b and
802.11 g,8 a complementary code keying-orthogonal fr
quency division multiplexing system used for compu
wireless local area networks, operating in the freque
range from 2.4 GHz to 2.4835 GHz. Since these commu
cation systems occupy the same region of the microw
spectrum utilized by microwave ovens, there exists sign
cant potential for interference from noisy magnetrons.9
The noise generation mechanisms of linear electr
beam devices are well known.3 On the other hand, nois
generation mechanisms in crossed-field devices are not p
ently understood and predictive computational calculati
do not exist. Methods of noise suppression in crossed-fi
devices have not previously been practically realized. Pr
ous researchers5,6 have shown that cathode heater conditio
played a role in the noise of microwave magnetrons. Nois
crossed-field amplifiers~CFAs!10–13 also significantly limits
the signal-to-noise ratio in military radars. In this article, w
present spectral measurements which definitively dem
strate that microwave magnetron noise is significantly
duced by the imposition of an azimuthally varying ax
magnetic field. Further, this technique has been shown to
effective in noise reduction regardless of the magnetron
rent or age.
The experimental configuration is depicted in Fig.
Standard microwave oven magnetrons have been emplo
from different manufacturers~Panasonic, Toshiba!. These
magnetrons operate at a center frequency of about 2.45
at power levels of about 700–800 W. A dc power supply
utilized at typical cathode voltage of about24 kV and anode



























in a water load and a fraction of the power is split by
directional coupler into an Agilent spectrum analyzer. Ca
ode heater power is kept nearly constant for the experim
presented here.
Figure 2~a! depicts the standard magnet configuration
a typical oven magnetron. Two cylindrical magnets are u
lized at opposite ends of the magnetron with a magnetic y
providing the flux return path. The standard magnets hav
magnetic field on the face of about 1 kGauss with an ax
magnetic field at the center of the magnetron of about
kGauss. The modification of the technique of the magne
field for low noise operation is depicted in Figs. 2~b! and
2~c!. Four permanent magnets~about 3.5 kGauss on the face!
have been added to the outside of one of the standard m
nets to locally perturb the magnetic field in such a way as
cause the total axial magnetic field outside of the magne
cavities to vary azimuthally by about 50%. As seen in F
2~c!, the perturbing magnets neither need to be identica
physical size, nor do they need to be symmetric or perio
in the azimuthal direction. Fewer than four perturbing ma
nets show less reduction in power, but less-effective no
suppression; the correlation between these parameters
area of future study.
Figure 3~a! shows an experimental spectrum for an ag
magnetron with the standard magnetic field. The data exh
a broad noise spectrum, which begins some230 dB below
the carrier. There are typically two components to this noi
The component close to the carrier and the sidebands
tered 120 MHz from the center frequency. Note that the m
widely spaced sidebands~called ‘‘spurs’’ in literature! in the
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electrons.14
Figure 3~b! depicts the microwave spectrum for the sam
aged magnetron in which four permanent magnets have b
added, as in Figs. 2~b! and 2~c!. The spectrum for the azi
muthally varying axial magnetic field is extremely narro
and completely free of the noise present in Fig. 3~a!. Older
magnetrons exhibit a noisier spectrum than fresh mag
trons, probably due to cathode conditioning and the
creased gas pressure due to vacuum leaks over time. H
ever, it should be noted that the same noise reduction e
has been measured for fresh magnetrons when the mag
field is modified, as shown in Fig. 4. This technique redu
FIG. 2. ~a! Typical oven magnetron configuration showing upper and low
annular, permanent magnets:~b! Side and~c! top views of magnetic field
configuration for typical azimuthally varying axial magnetic field utilize









FIG. 3. Microwave spectra for aged Panasonic 2M167A-M10 magnetro
anode current of 226 mA:~a! With standard magnetic field and~b! with
azimuthally varying axial magnetic field.
FIG. 4. Microwave spectra for Toshiba fresh 2M172 J~E! magnetron at
anode current of 215 mA:~a! With standard magnetic field and~b! with





















































1940 Appl. Phys. Lett., Vol. 83, No. 10, 8 September 2003 Neculaes, Gilgenbach, and Lauthe microwave power for fresh magnetrons by about 1
and for old magnetrons by about 20%. Since the curre
voltage characteristics are changed~lower impedance! by the
added magnets, the efficiency of fresh magnetrons is redu
by 3%–7% and old magnetrons show an efficiency reduc
of about 10%.
This type of noise-free microwave spectrum has be
observed at all magnetron currents above start oscillat
but is particularly effective at low magnetron currents, ne
the start-oscillation condition. Figure 5~a! represents the ex
tremely noisy microwave spectrum at a low magnetron c
rent of 33 mA, close to the start-oscillation condition, wi
the standard magnetron magnets. When the azimuth
varying axial magnetic field is added, the spectrum is mo
fied to the single spectral line depicted in Fig. 5~b!. This
improvement in magnetron startup noise would be parti
larly important in microwave ovens, which operate with
voltage-doubled half-wave rectified sinewave voltage sou
and, hence, are repetitively sweeping through the sta
phase at 60 Hz.
The physical mechanism of the noise reduction is
completely understood; one candidate is the perturbing ef
FIG. 5. Microwave spectra near start-oscillation condition for fresh Tosh
2M172 J~E! magnetron at anode current of 33 mA:~a! With standard mag-














on recirculating electrons in the magnetron. Calculatio
show that the recirculation time for electrons in the ov
magnetron is consistent with the 120 MHz spacing of
sideband spurs@Fig. 3~a!#. Further research is directed to
ward identifying these noise reduction mechanisms.
In summary, a simple magnetic field modification
shown to significantly reduce the microwave noise in ma
netrons by an azimuthally varying axial magnetic field. Th
noise reduction technique is effective in fresh or aged m
netrons and cleans the spectrum especially well during
start-oscillation condition. Extension of this concept to CF
could also have an enormous impact on the signal-to-n
ratio in radars.
Note added in proof:Additional experiments and simu
lations show that the most rapid startup occurs withn mag-
netic perturbation periods, so as to prebunch the electr
wheren is the number of electron spokes in the operat
magnetron mode. Experiments again show low-noise op
tion with this rapid startup.
This research was supported by the DUST~ &T! under
the Innovative Microwave Vacuum Electronics MURI Pr
gram managed by the Air Force Office of Scientific Resea
under Grant No. F49620-99-1-0297. Sponsorship was
received from the Air Force Office of Scientific Resear
under Grant No. F49620-00-1-0088. The authors apprec
assistance from Michael Jones.
1G. B. Collins,Microwave Magnetrons~McGraw Hill, New York, 1948!; J.
C. Slater,Microwave Electronics~Van Nostrand, New York, 1950!.
2J. Benford and J. Swegle,High Power Microwaves~Artech House, Bos-
ton, 1992!.
3A. S. Gilmour, Jr.,Microwave Tubes~Artech House, Norwood, MA,
1986!.
4J. M. Osepchuk, IEEE Trans. Microwave Theory Tech.50, 975 ~2002!.
5W. C. Brown, Proceedings of the First International Workshop
Crossed-Field Devices, edited by D. Chernin and Y. Y. Lau, Ann Arb
Michigan, 15–16 August 1995, p. 178, available at http://ww
ners.engin.umich.edu/labs/plasma/.
6J. M. Osepchuk, Proceedings of the First International Workshop
Crossed-Field Devices, edited by D. Chernin and Y. Y. Lau, Ann Arb




9For an audio demonstration of cordless phone interference from mi
wave oven radiation, see http://www-ners.engin.umich.edu/labs/plasm
10H. L. McDowell, IEEE Trans. Plasma Sci.30, 980 ~2002!.
11R. MacGregor, C. Chan, J. Ye, and T. Ruden, IEEE Trans. Electron
vices41, 1456~1994!.
12D. P. Chernin, IEEE Trans. Electron Devices43, 2004~1996!.
13H. L. McDowell, Proceedings of the First International Workshop
Crossed-Field Devices, edited by D. Chernin and Y. Y. Lau, Ann Arb
Michigan, 15–16 August 1995, p. 217, available at http://ww
ners.engin.umich.edu/labs/plasma/.
14K. Yamamoto, H. Kuronuma, T. Koinuma, and N. Tashiro, J. Microwa
Power16, 271 ~1981!.
a
